The rapidly increasing production and application of graphene oxide (GO) calls for much-needed attention to aspects related to the environmental implications of this unique nanomaterial. To date, very little is known about the transformation of GO when exposed to electromagnetic radiation at different wavelengths, which can occur in natural water systems. This study explored the changes in the physicochemical properties of GO when exposed to the UV and visible wavelength ranges of simulated solar light. Irradiation, especially under UV light, led to remarkable changes in the surface oxygen (O)-functionalities of GO, and cleavage of GO's graphitic bond. The carbon/oxygen (C/O) ratio of GO increased by 41% and 31% after irradiation with simulated solar light and UV irradiation, respectively. Visible light also changed the morphology of GO, but the C/O ratio only increased by 5.5%. The formation of hydroxyl radicals (˙OH), superoxide (O 2˙− ) and singlet oxygen ( 
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Introduction
Graphene oxide (GO) is a structural analog of graphene, and it possesses abundant oxygen (O)-containing functionalities such as epoxide (C-O-C), hydroxyl (C-OH), carbonyl (CO), and carboxyl groups (O-CO) covalently bound to either its basal planes (C-O-C and C-OH groups) or edges (CO and O-CO groups). [1] [2] [3] GO can be stabilized in aqueous media as colloidal agglomerates because of its functionalization, and it is more reactive in water than other carbon nanomaterials, such as C 60 and carbon nanotubes. 4, 5 GO is increasingly being proposed for commercial products, such as nanopaints, polymer composites, functional coatings, and water treatment nanohybrids, which could lead to release of the nanomaterial into the environment. [6] [7] [8] [9] Thus, it is expected that wastes containing GO will be generated and released into the environment, and may accumulate in landfills or surface waters. As a reactive nanoparticle, it is unlikely that GO will maintain its pristine form in the environment. The irradiation is the most common factor that may induce or affect the transformation of GO, which can change the chemical characteristics as well as the morphology of pristine GO. Several studies indicated that GO could be reduced and decomposed in the presence of simulated sunlight irradiation, [17] [18] [19] producing CO 2 and other small sized particles, such as polycyclic aromatic hydrocarbons (PAHs). However, most of these studies only considered the transformation of GO under full-spectrum simulated solar light, while no study has focused on the transformation of GO under light of different wavelengths. In natural waters, the UV fraction of solar light will be significantly filtered with increasing water depth, [20] [21] [22] and the remaining visible light will be mainly responsible for the transformation of GO. In addition, UV light, which is frequently used in wastewater treatment systems, 23 can directly change GO's physicochemical characteristics within wastewater treatment processes. The abovementioned light conditions may induce different patterns of GO transformation and possibly change the environmental fate of GO transformation products. 17 Besides, GO may undergo photocatalytic reactions in water to produce different types of reactive oxygen species (ROS). In a recent study where GO was exposed to solar irradiation, we demonstrated the production of hydroxyl radicals (˙OH), superoxide radical anions (O 2˙− ) and singlet oxygen ( 1 O 2 ) by GO. 24 However, the specific effect of each distinct fraction (of the solar spectrum) is still unknown, and some ROS, such as˙OH, have high reactivity and can generate highly oxidizing organic radicals. 25 The mechanism and effects of the produced ROS on the transformation of GO are also unclear. In summary, the objectives of the study were to (1) investigate the physicochemical transformation of GO under the UV (290-420 nm) and visible wavelength range (>420 nm), (2) explore the ratio of the ROS formed under different light wavelengths and their impacts on GO transformation, and (3) determine the influence of GO transformation under UV and visible light on its environmental fate and interactions.
Experimental

Materials and stock preparation
Graphene oxide (GO) nanoparticles (>99%) were purchased from Plannano Materials Tech. Co. (Tianjin, China) and used as received. The nanomaterials were synthesized using a modified Hummers method, according to the information provided by the manufacturer. 26 To prepare GO stock suspensions, 90 mg of pristine GO nanosheets was added into 300 mL of deionized (DI) water in a 500 mL Erlenmeyer flask and then ultrasonicated at 100 W for 4 h using a Vibra-Cell VCX800 sonicator (Sonics & Materials, USA). A uniform darkbrown suspension was obtained and kept in the dark at 4°C until use. The GO in the suspension had an average hydrodynamic parameter of 129.5 ± 23.2 nm, according to dynamic light scattering (DLS) analysis (Zetasizer Nano ZS90, Malvern Instruments, Worcestershire, UK). Methanol, acetonitrile, toluene, acetone, chloroform, furfuryl alcohol (FFA), terephthalic acid (TA), phenanthrene, and 1-naphthol were purchased from Sigma-Aldrich (St. Louis, USA).
Set-up of photochemistry experiments
The photochemistry set-up was similar to the one used previously. 24 In summary, a photochemical reaction apparatus (XPA-7, Xu Jiang Machine Plant, Nanjing, China) connected to an 800 W xenon lamp was used as the light source, and a 290 nm cutoff filter was used to adjust the light irradiation to simulate the solar spectrum typical of the real environment (λ > 290 nm). A 420 nm cutoff filter was used to allow only visible light (λ > 420 nm), and another filter was used to allow only UV light (λ = 290-420 nm). Fig. S1 † shows a comparison of the spectra for these different wavelengths and natural solar irradiation (collected on May 28, 2015) . The concentration of GO used for the experiment was 10 mg L −1 . The photochemistry experiment was conducted in DI water in order to simplify the system enough for us to clearly decipher the role of the different light wavelengths on the photo-transformation of GO. The reaction was carried out in a 60 mL grinding-mouth transparent quartz tube, and a 1.5 cm magnetic stirrer was used for mixing. The quartz tubes were submerged in a thermostat-controlled water bath (25°C ) during irradiation experiments. Samples were irradiated for 8 h per day for 3 days, making a total of 24 h. All the samples, including GO (the pristine nanomaterial not exposed to any irradiation), GO full (GO with full-spectrum simulated solar irradiation, λ > 290 nm), GO UV (GO with only UV light irradiation, λ = 290-420 nm) and GO vis (GO with visible light irradiation, λ > 420 nm), were prepared for characterization.
Graphene oxide characterization
GO was characterized as pristine particles and after irradiation treatments. For post-irradiation characterization, dry GO particles were obtained from the treated GO suspensions via freeze-drying. The chemical composition and functional groups of pristine and photo-treated GO (GO full , GO UV and GO vis ) were characterized via X-ray photoelectron spectroscopy (XPS, using a PHI 5000 VersaProbe, Japan), Fourier transform infrared (FTIR) transmission spectroscopy (110 Bruker TENSOR 27 apparatus, Germany), and Raman spectroscopy (Renishaw InVia Raman spectrometer, England). The UV-visible absorbance spectra of the GO suspensions were obtained with a UV-2401 spectrophotometer (Shimadzu Scientific Instruments, USA). The morphology of GO was characterized by atomic force microscopy (AFM, MMAFM/STM, D3100M, Digital Ltd., USA), scanning electron microscopy (SEM, FEI Nova NanoSEM 430, The Netherlands) and transmission electron microscopy (TEM, FEI Tecnai G2100 F-20, The Netherlands). 
Reactive oxygen species (ROS) detection
The steady-state concentrations of 1 O 2 were determined indirectly by monitoring the concentrations of FFA, as explained in a previous study 24 and summarized here (eqn (1) and (2)).
The concentration of the GO suspension used was 10 mg L −1 , and a known amount of FFA standard water stock solution was injected into the quartz container with a micro-syringe to achieve a FFA concentration of 50 μM. Samples were collected from the quartz container (after irradiation for 0, 1, 2, 4, 6, 16, and 24 h) using a 1 mL glass syringe and passed through 0. Tert-butanol (t-BuOH) was used to eliminate˙OH radicals in the suspension. 10 mM t-BuOH was mixed into the GO samples before irradiation and then the irradiated GO samples were collected for further characterization. 
Influence of photo-treatment on GO fate
To understand how the exposure of GO to different light wavelengths will influence the environmental fate of the nanomaterial, additional studies were carried out to determine changes in the hydrodynamic diameter (D h ), agglomeration kinetics, and zeta (ζ) potential of the photo-treated GO suspensions at 25°C using the Zetasizer. Furthermore, changes in the adsorption properties of GO were also characterized.
2.5.1 Zeta (ζ) potential measurements. To determine the effect of exposure of GO to different wavelengths of light on the surface charge of the nanomaterial, the ζ potential of the suspensions of GO, GO full , GO UV , and GO vis (10 mg L −1 each) was determined using the Zetasizer. The ζ potential measurements were carried out between pH 3 and pH 11 (adjusted with 0.1 mM NaOH or HCl). Each measurement was conducted over 15 seconds, and a total of 3 replicates were measured per treatment.
Agglomeration experiments.
The changes in the hydrodynamic diameter (D h ) of the GO agglomerate with time was measured with time-resolved dynamic light scattering (TR-DLS), at increasing concentrations of NaCl, with or without 5 mg L −1 Suwannee River humic acid (SRHA). 4, 31 In these experiments, a known amount of GO stock suspension was pipetted into a glass vial containing either DI water or an electrolyte solution (the pH was adjusted to 7 with 0.1 mM NaOH or HCl, if needed) to achieve a GO or treated GO concentration of 10 mg L −1
. Then, the vial was capped and immediately vortexed for 5 s and 1 mL of the suspension was pipetted into a polystyrene cuvette, which was placed in the Zetasizer's sample chamber for TR-DLS analysis. The autocorrelation function was allowed to accumulate for 15 s during the agglomeration study and the D h measurements were conducted over a period of 60 min. As shown in eqn (3), the initial agglomeration rate constant of GO (k) reflects doublet formation and is proportional to the initial rate of increase in D h with time (t) and the inverse of the GO concentration (N 0 ): [32] [33] [34] [35] 
The particle attachment efficiency (α) was used to quantify the GO agglomeration kinetics, and it was calculated by normalizing the measured k at a given ionic strength (with or without HA) with the agglomeration rate constant measured under diffusion limited (fast) conditions, as shown in eqn (4):
The diffusion-limited (DLCA) and reaction-limited (RLCA) clustering agglomeration regimes, and thus, the critical coagulation concentrations (CCCs), can be identified in a plot of log 10 [NaCl] versus log 10 α. DLCA occurs when the attachment efficiency between particles is close to unity, whereas RLCA dominates at very low attachment efficiencies. 36 CCC is the point of intersection between DLCA and RLCA.
Adsorption experiments.
Adsorption experiments were carried out by using a previously developed method. 37 Aliquots of pristine and photo-treated GO stock suspensions (250 mg L −1 ) were diluted with DI water to achieve a final concentration of 50 mg L −1 GO. Phenanthrene (a representative nonpolar, nonionic aromatic compound) and 1-naphthol (a model polar aromatic compound) were selected as the model contaminants. The detailed procedure for the adsorption isotherm experiments is described in the ESI. † The concentrations of contaminants were determined using a Waters e2695 HPLC connected to a Waters 2475 fluorescence detector. The HPLC was equipped with a Waters C 18 (4.6 × 150 mm) reverse phase column, and the mobile phase consisted of 80% acetonitrile and 20% water (flow rate 1 mL min −1 ). For the Waters 2475 fluorescence detector, the excitation wavelength was 250 nm, and the emission wavelength was set at 364 nm. The column incubator temperature was set to 25°C.
3 Results and discussion
Characterization of pristine and photo-treated GO
The chemical transformation of GO upon irradiation under different light wavelengths was evaluated. The XPS spectra of pristine GO, GO full , GO UV and GO vis are provided in Fig. 1a-d and the associated quantitative data are summarized in Table 1 . The binding energy level and FWHM values of GOs are summarized in Table S1 . † The carbon/oxygen (C/O) ratio increased by 41% from 1.80 for GO to 2.54 for GO full , which indicates that reduction of GO occurred during the 24 h irradiation under full-spectrum simulated solar light. After irradiation by UV and visible light, the C/O ratio increased by 31% and 5.5%, respectively, which also confirmed the loss of O-functional groups (i.e., reduction of GO) when GO was exposed to irradiation in the UV and visible light regions. In addition, the relative abundance of the different O-functional groups on the surface of GO changed remarkably upon irradiation at the different irradiation wavelengths, as shown by the deconvolution of the XPS C 1s spectra (summarized in Table 1 ). 38 The relative abundance of GO's aromatic C-C/ Fig. 1 Photo-transformation of GO. High resolution C 1s XPS spectra of (a) pristine GO, (b) GO exposed to the full solar spectrum (λ > 290 nm), (c) GO exposed to UV light (λ = 290-420 nm), and (d) GO exposed to visible light (λ > 420 nm). Changes in GO after exposure to light of different wavelengths were also determined via (e) FTIR spectroscopy and (f) UV-vis absorbance spectroscopy. Changes in the surface chemistry of GO upon irradiation with different electromagnetic wavelengths were further characterized by other spectroscopic techniques including FTIR and UV-vis absorption spectroscopy ( Fig. 1e and f) . The FTIR spectrum of pristine GO exhibited four characteristic peaks located at 1055, 1383, 1628 and 1735 cm −1 , corresponding to C-O-C stretching, a C-O group, O-CO stretching, and CO stretching, respectively. [39] [40] [41] The C-O, C-O-C and CO groups decreased slightly after irradiation with the full solar spectrum and UV light. The characteristic absorbance peak of GO at 230 nm was observed for pristine GO, which can be ascribed to π-π* transitions in small electronically conjugated domains present in the material. 42 The characteristic absorbance peak however shifted to 240 nm in GO UV and 250 nm in GO full (after 24 h exposure), which indicates an increase in the electronically conjugated domain, resulting from the reduction of GO. The time-series UV-vis spectra of irradiated GO showed progressive red-shifting of the GO peak at 230 nm when exposed to the full solar spectrum and UV irradiation but no substantial shift under visible light irradiation for up to 32 h (Fig. S2 †) . In addition, the peak at around 300 nm, originating from the n-π* transitions of the O-functionalities, was clearly observed in pristine GO. 3 The intensity of the peak decreased in GO vis and was not observed in GO UV and GO full , indicating reduction of GO under those conditions. The UVvis absorbance includes the absorbance of unreacted GO, light-transformed GO and any other photoreaction products. The increase in absorbance (especially when GO was exposed to the full spectrum and UV) thus shows that light-absorbing photoproducts were formed upon irradiation of GO. In addition, the increased peak intensity at around 254 nm, which reflects aromaticity, may also indicate an increasing degree of graphitization of GO after its reduction by irradiation. Changes in the morphology of GO after exposure to light of different irradiation wavelengths were also examined. Untreated GO nanosheets appeared smooth, with some minimal wrinkles under the TEM (Fig. 2a) and SEM (Fig. 2e) . The nanomaterials, however, appeared broken up into smallersized sheets upon exposure to full-spectrum solar (Fig. 2b and f) and UV lights (Fig. 2c and g ). The GO samples exposed to visible light were not remarkably broken up, but more wrinkles were observed in the TEM micrographs ( Fig. 2d and h ). Breaking up of GO sheets into smaller pieces upon photo-treatment with full-spectrum solar and UV light was confirmed by AFM analysis, which also showed no remarkable difference in size distribution between pristine GO and GO exposed to visible light. The Raman spectra of the GO samples (Fig. S3 †) indicated an increase in the I D /I G ratio (the ratio of the intensity of the D band (around 1350 cm −1 ) to that of the G band (around 1580 cm −1 )) after 24 h irradiation for all the samples, especially GO UV . Since I D /I G is a measure of the average size of the in-plane sp 2 domains and molecular defects, 43 the results showed that more defect sites were formed on the graphenic sheets upon irradiation for all light sources. The physical appearance of the GO suspension also changed when it was exposed to different irradiation wavelengths for 24 h (Fig. S4 †) . Specifically, the color of GO darkened strongly upon irradiation with the full solar spectrum and UV light. The GO suspension was only slightly darker upon its exposure to visible light for 24 h. Time series experiments showed that the darkening of the GO suspension became stronger over time upon exposure to all three irradiation types (Fig. S5 †) . In general, the intensity of the GO darkening observed was GO full > GO UV ≫ GO vis (Fig. S5 †) . Darkening of GO is mainly due to the reduction of GO functional groups by the irradiation, which may destroy some chromophore units (such as C-OH and CO groups on the graphitic carbon). 17, 44 In general, characterization of GO, GO full , GO UV , and GO vis showed that irradiation strongly changed the physicochemical properties of the nanomaterials and the changes were correlated with the wavelength, and thus, the photon energy, of the irradiation. The characterization data showed that UV and full spectrum light cause remarkable physicochemical changes in GO, which is mainly because the energy of the photons of UV exceeds the bandgap of the GO domains. In contrast, the photons of visible light do not have as much energy. Thus, more substantial changes in the physicochemical properties of GO were observed in GO full (which included irradiation in the UV region) and GO UV compared to GO vis . The XPS and FTIR spectra indicated that the reduction of GO by irradiation was mostly due to UV photons, while visible light only generated modest changes in GO's functional groups. The TEM, SEM and AFM micrographs clearly showed This journal is © The Royal Society of Chemistry 2018 a sharp decrease in the particle size of GO full and GO UV , indicating that the graphenic sheets of GO were probably cleaved by the UV radiation but the effects of visible light were not as obvious.
Reactive oxygen species (ROS) formation
In this study, three major ROS, i.e., 1 O 2 , O 2˙− and˙OH, were detected when GO was exposed to irradiation at different wavelengths. Fig. 3a (5) and (6)). The generation of a smaller amount of 1 O 2 when GO was irradiated with UV light, relative to irradiation with visible light, may be because UV rapidly reduced GO to reduced GO (rGO), resulting in the formation of less GO* and thus a lower production of Fig. 3b and c show the steady-state concentrations of O 2˙− and˙OH generated by GO. Since O 2˙− disproportionates rapidly in water to H 2 O 2 , which is an important precursor foṙ OH, the relative ratio between O 2˙− and˙OH may be similar for all light sources. 25 As shown in Fig. 3b and c, the production of O 2˙− and˙OH was mainly under UV light. It has been reported that the threshold for GO reduction is 3.2 eV (λ < 390 nm). 47 Based on the literature, the semiconducting domains of GO can act as photocatalysts when irradiated with UV light of energy exceeding the bandgap of the domains. 19 Therefore, UV irradiation of GO results in the formation of electron-hole pairs; the co-occurrence of oxidative (valence ) and reductive (conduction band electron, e aq − ) transients agrees with concurrent GO oxidation and reduction (or disproportionation). 17, 48, 49 Pickering and Wiesner (2005) 45 hypothesized that irradiation of fullerol led to the formation of the fullerol radical anion, which acted as a precursor for the formation of O 2˙− via a type I photochemical reaction, and a similar reaction may also occur on the surface of GO. As shown in eqn (7) and (8), the conduction band electron (e aq − ) produced during irradiation of the GO suspension may act as an electron source for the generation of GO radical anions and subsequent formation of O 2˙− .
GO + e aq − → GO˙− (7)
It should be noted that the amount of radicals formed by full spectrum irradiation is approximately equal to the amount of radicals formed under UV and visible light combined for all the three ROS determined. This demonstrates the additive effect of light wavelength on ROS production by GO.
Mechanisms controlling GO transformation from UV light, visible light and produced ROS
Of all the ROS, 1 O 2 and O 2˙− appear to have little effects on GO transformation because of poor oxidation effects. However,˙OH shows extremely high reactivity and can unselectively react with most organic substances. 25, 50 As˙OH was formed on the surface of GO during the irradiation with UV light, it is possible that˙OH can attack the surface of GO, similar to the oxidation of the unfunctionalized aromatic ring of small molecular compounds. 51 To understand the effects of˙OH radicals on the oxidation of GO, we used tert-butanol (t-BuOH), a scavenger that can selectively eliminate˙OH radicals in suspension, 52 to further clarify the specific role of˙OH in the transformation of GO. Fig. 4a-c shows the FTIR spectra of GO under full-spectrum, UV and visible light with or without t-BuOH. As shown in the figure, the O-containing functional groups decreased significantly in GO full and GO UV samples when t-BuOH was present, but there was no substantial change for GO vis . Compared with pristine GO (Fig. 1e) , FTIR spectroscopy revealed that the O-functional groups changed substantially both without t-BuOH (i.e., when both UV light and˙OH were active species) and when t-BuOH was present (i.e., in the absence of˙OH) during UV irradiation, indicating that UV light and˙OH both have effects on the transformation of GO. The XPS analysis (Fig. 4d-f ) further illustrates that˙OH radicals can hydroxylate GO. Changes in the morphology of GO under UV light with and without t-BuOH were compared by TEM, SEM and AFM (Fig. 5) . The results clearly show that withouṫ OH, GO could hardly be broken into small pieces. This result illustrates that˙OH may cause the fragmentation of GO.
Based on the results in this study and in the literature, 13, 17 we believe that the physicochemical properties of GO are mainly modified by UV light. When GO was irradiated with UV (and full spectrum) light, electron-hole pairs (h vb + and e aq − ) were formed because the photon energy of the light exceeds the bandgap of the domains. 17 Oxidation of O-functional groups on GO by h vb + results in the loss of functional groups and the formation of nanoholes on the surface of GO. e aq − results in the formation of GO˙− and ROS such as O 2˙− and˙OH (Fig. S6 †) . Furthermore,˙OH then attacks the surface of GO, leading to the addition of OH groups, as well as the oxidation of C-OH to CO and O-CO groups, opening the aromatic rings, fragmenting the GO nanosheets and forming lower molecular weight compounds, as determined from the MS spectra (Fig. S7 †) . From these characterization results, we find that the O-containing functional groups on GO did not change significantly under visible light. However, an interesting observation ( Fig. 2d and h ) was that GO wrinkled significantly during visible light irradiation, and 1 O 2 formation was also higher than under UV light. Generally, wrinkling of nanostructures typically occurs under aggressive treatment, such as sonication, which may change the structure of the carbon nanosheets. 53 In this study, light irradiation (both UV and visible light) may impact the structure of GO in a similar manner. The energy transfer during visible light irradiation may cause an unbalanced force on the basal plane of GO, leading to wrinkles in the nanomaterials. In the natural environment, water chemistry factors (such as pH, ionic strength, and natural organic matter (NOM)) as well as turbidity may affect the transformation of GO under different light scenarios. For example, salts and NOM may adsorb onto the surface of GO and prohibit its reduction by light. Very turbid water will most likely absorb light and make it less accessible to the GO particles, which also weakens the reduction of GO. The roles of the physicochemical properties of water on GO transformation under different light conditions, thus, need to be studied further.
Influence of light on the environmental fate of GO
As we have shown, irradiation of GO led to the loss of O-functional groups on the surface of the nanomaterial, which may decrease the hydrophilicity of the nanomaterial in aqueous media. In addition, the morphology of GO was drastically changed, with much smaller sizes observed upon Fig. 4 FTIR spectra of (a) GO full , GO full with quenching (using t-BuOH) (b) GO UV , GO UV with t-BuOH and (c) GO vis , GO vis with t-BuOH; XPS spectra of (d) GO full , GO full with quenching (t-BuOH) (e) GO UV , GO UV with t-BuOH and (f) GO vis , GO vis with t-BuOH. irradiation with full-spectrum solar and UV light and sheet wrinkling observed upon irradiation with visible light. All of these light-induced changes may affect the behavior of GO in the natural environment. We, therefore, examined the changes in the electrokinetic properties of GO, induced by different light sources, their effect on agglomeration in aqueous media, and the adsorption affinity of GO for common organic contaminants. 3.4.1 Zeta (ζ) potential measurements. The ζ potential of GO suspensions exposed to different light sources (GO, GO full , GO UV and GO vis ) was determined at pH 3 to 11 in order to see the effect of the different irradiation types on the surface charge of the nanomaterial. All four samples were negatively charged across the pH range tested. The ζ potentials of GO full and GO UV were comparable, and both were more negative than the ζ potential of pristine GO and GO vis (Fig. 6a) . GO is negatively charged when dispersed in water due to ionization of the COOH and OH (phenolic) groups. 54, 55 The pH of the GO suspension was 4.5. The pK a of the OH group was 9.8, while the pK a of the COOH group was 6.6 when the ortho position has no hydroxyl group and 4.3 when there is an OH group present in the ortho position. Although there was a net decrease in the oxygen content of GO after treatment with full-spectrum solar and UV light, we observed an increase in the relative abundance of COOH groups in GO full and GO UV (Fig. 1) , as explained earlier. The COOH groups observed after irradiation are likely partly those in close proximity to an OH group, which were reported to be very stable against photodegradation when GO is irradiated. 56 The increased negativity of the ζ potential of GO full and GO UV may thus be due to the increased content of COOH groups on GO after UV treatment. 57 As the acidity of the aqueous medium increased, the ζ potential of GO decreased in magnitude, regardless of irradiation treatment, because of the protonation of the OH and COOH groups on GO. In contrast, as the basicity of the suspension media increased we observed an increased negativity due to the presence of negatively charged O − and COO − groups. While the negativity of GO full and GO UV increased more rapidly (than that of pristine GO and GO vis ) between pH 3 and pH 9, GO and GO vis demonstrated a more rapid increase in negativity above pH 9. All these trends show that light of different wavelengths has different impacts on the surface properties of GO in water, which will influence the colloidal behavior of the nanomaterials, as well as its surface interactions with other constituents (organic and inorganic) present in natural waters.
Agglomeration experiments.
To quantitatively evaluate the effects of different types of irradiation on the colloidal stability of GO in aqueous media, the agglomeration kinetics of GO full , GO UV and GO vis were studied at 30 mM NaCl. This ionic strength (30 mM) falls within the slow regime for GO agglomeration, 4 where GO undergoes RLCA, allowing for a clear discernment of slight differences in initial agglomeration rate constants, k (eqn (3)). As shown in Fig. 6b , pristine GO was relatively stable at 30 mM NaCl, with a k value of 0.38 nm min −1 . The k value of GO increased by 48% to 0.56 nm min −1 when GO was exposed to visible light for 24 h. Irradiation of GO with UV and full-spectrum solar light caused an even more drastic decrease in the colloidal stability of the nanomaterial as k increased by an order of magnitude to 2.63 and 5.43 nm min −1 , respectively.
Since the particle size affects the agglomeration rate, we further determined and compared the CCC of the pristine and transformed GO in order to clearly determine how lightinduced transformations influence the stability of GO in aqueous media. To achieve this, the changes in the attachment efficiency (α) as a function of the NaCl concentration were determined for each GO type. DLCA and RLCA regimes were observed for all four materials, i.e. pristine GO, GO vis , GO full and GO UV (Fig. 6c) . According to the Derjaguin-LandauVerwey-Overbeek (DLVO) theory, increasing the ionic strength reduces the electrostatic energy barrier and deepens the secondary minimum well, which promotes agglomeration so that the attachment efficiency gradually increases. 58 As shown in Fig. 6c , the observed CCC values were 171 mM NaCl for GO, 130 mM NaCl for GO vis , 67 mM NaCl for GO UV , and 66 mM NaCl for GO full . This agrees very well with the trend observed in k, with GO becoming only less stable after visible light treatment but much more unstable when treated with UV and the full light spectrum. In addition, the observed trend in CCC correlates well with the degree of transformation of the GO materials (i.e. chemical reduction as indicated by the C/O ratios and size decrease as indicated by AFM) after their exposure to the different light sources. This strongly suggests that the colloidal stability of GO in natural waters is a function of its transformation in the natural environment. Increased destabilization of GO after UV and full-spectrum solar irradiation could not have been predicted by the ζ potential, which, as reported earlier, increased in magnitude under these conditions. The observation of lower colloidal stability of GO full and GO UV , despite having a higher negative charge on their surfaces compared to pristine GO and GO vis , suggests that factors other than electrostatic repulsion played important roles in the agglomeration kinetics of the nanomaterials. We hypothesize that a decrease in the particle size of GO full and GO UV (as shown by electron microscopy and AFM in Fig. 2 ), a decrease in the van der Waals force, and an increase in the hydrophobic effect led to their increased agglomeration. A decrease in particle size changes the structure and surface energy characteristics of nanomaterials, which may impact the total potential energy of interaction. 59 Meanwhile, van der Waals forces and hydrophobic effect may also have effects on the GO agglomeration. Environmental Science: Nano Paper 59 showed that the interaction potential decreases as the particle size decreases, leading to increased agglomeration of smallersized nanomaterials. Also, smaller GO particles possess a higher fraction of their atoms on the edges, which may increase the density of active sites. A higher density of active sites and a larger specific surface area of smaller-sized GO can enhance the interaction with counterions in the surrounding media, leading to decreased colloidal stability. The van der Waals force between GO full and GO UV samples increased due to the decrease in particle size. However, as the van der Waals force is weak, it probably has only slight effects on the interaction of the GO particles. On the other hand, the hydrophobic effect may be much more important.
As O-functional groups decreased and the C/O ratio increased for GO full and GO UV samples, the hydrophobic effect may be substantially increased, promoting the agglomeration of GO particles.
Adsorption experiments.
The isotherms of adsorption of phenanthrene and 1-naphthol onto pristine GO, GO full GO UV and GO vis are shown in Fig. 7a and b. The adsorption data were fitted with the Freundlich adsorption model:
(q: the equilibrium concentration of an adsorbate on GO; C W : the equilibrium concentration of an adsorbate in the solution; K F : the Freundlich affinity coefficient; n: the Freundlich linearity index). Fig. 7a shows the adsorption affinities of GO for phenanthrene. The results indicate that adsorption was enhanced with irradiation from all light sources. The adsorption isotherms of GO full , GO UV and GO vis were substantially shifted compared with the isotherm obtained for pristine GO. This demonstrates that the adsorption of PAHs onto GO is mainly driven by hydrophobic effects and particle size. 60, 61 Thus, the reduction of the surface O-containing functional groups of GO by full-spectrum and UV light irradiation could affect the adsorption of phenanthrene due to increased surface hydrophobicity and decreased particle size (which may result in higher surface area). Surprisingly, the adsorption affinity of GO vis was also increased, even as much as GO UV . As no obvious chemical change was observed on the surface of GO vis , the increased adsorption of phenanthrene may be due to the wrinkles formed on the surface of GO vis , which created additional sites for phenanthrene attachment. Fig. 7b shows that the adsorption affinity of GO for 1-naphthol was also enhanced after light irradiation, but the extent of adsorption enhancement was much less compared with phenanthrene. This is mainly because the log K OW value of 1-naphthol (2.85) is much less than that of phenanthrene (4.57), and the aqueous solubility of 1-naphthol (3.04 mmol L ). 37 Hence, the mechanisms controlling the adsorption of 1-naphthol and phenanthrene onto GO are different. The results indicate that adsorption of 1-naphthol onto GO is strongly affected by hydrogen bonding between the OH group of 1-naphthol and the surface O-functionalities of GOs, 62 as well as the π-π interactions. As such, the adsorption of 1-naphthol by GO UV and GO full decreased because of the loss of OH groups upon irradiation.
Conclusions
Release of GO materials into surface water will facilitate some physicochemical transformations by light irradiation. As shown in this study, the O-containing functional groups of GO are decreased by UV irradiation (or the UV fraction of solar light). These chemical changes lead to physical variation in the nanosheets-mainly cleavage of the GO nanosheets. The˙OH radicals, which are formed during UV irradiation, are also involved in the transformation of GO, hydroxylating the surface of GO, as well as breaking up the GO nanosheets into small pieces. Visible light (or the visible range of solar light) can hardly alter the chemical composition of GO but changes the appearance of GO and wrinkled the GO nanosheets. The transformation of GO by light may be affected by water chemistry. The chemical changes in GO, especially the loss of O-containing functional groups, is the main factor which affects the agglomeration of GO, while the changes in GO morphology and hydrophobicity strongly affect the adsorption of hydrophobic organic pollutants. 
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